Abstract. New three-dimensional (3-D) Vp and Vp/Vs models are determined for southern California using P and S-P travel times from local earthquakes and controlled sources. These models confirm existing tectonic interpretations and provide new insights into the configuration of geological structures at the Pacific-North America plate boundary. The models extend from the U.S. 
earthquakes. These P and S wave arrival time picks (phase data) are available from the Southern California Earthquake Center, Data Center at Caltech. The S picks are incorporated in the inversion as S-P travel times to improve constraint on the focal depths and to determine a 3-D Vp/V s model [Thurber, 1993] . The 13,126 earthquakes used in the inversion were selected from a data set of 305,000 events using the following criteria. First, all events of magnitude >3.1 with >20 picks, a total of 2829 events, were included. All these events are large enough to have clear arrivals at most of the stations in the network. Second, all events with magnitudes <3.1 with >20 picks and focal depths >15 km were included (5184 events). This group of deep events was selected for clarity of picks and for inclusions of direct ray paths. problems, which, in some cases led to rejection of the portable data.
Arrival times from 62 controlled sources (shots) recorded by the SCSN were also included to provide an absolute reference for the 3-D model and to constrain the shallow structure. We included the arrival times from the 49 shots that were part of the Los Angeles Region Seismic Experiment (LARSE) experiment [Fuis et al., 1996] 
Inversion Approach and Parameters
We have applied the inversion method and computer algorithms (SIMULPS) developed by Thurber [1983 Thurber [ , 1993 and Eberhart- Phillips [ 1990] (documentation provided by Evans et al. [1994] ). Ray tracing is accomplished using an approximate 3-D algorithm with curved non planar ray paths [Um and Thurber, 1987] . The damped-least-squares solution to the linearized problem is obtained from m -(MrM + L) Mrt, where m is a vector of model perturbations, t is a vector of travel time residuals, L is a diagonal matrix of damping parameters, and M is a matrix of partial derivatives constructed according to the parameter separation techniques of PayIls and Booker [1980] . Each of the two inversions we performed to create our final 3-D velocity model consisted of three model iterations, where each model iteration was followed by up to three iterations of hypocentral relocations using the latest velocity model.
We use the gradational inversion method, in this case using two inversions. This method consists of (1) starting with a horizontally uniform layered model (SC0) and inverting for a model (SC1-40) using a coarse 40-km grid; (2) interpolating the 40-kin grid model with a 15-km grid; and (3) using the 15-km interpolated model as a starting model and relocated events to invert for a 15-km grid model (SC1-15). The outer edge of nodes was held fixed only in the 40-km grid inversion to prevent potentially large oscillations in velocity values near the edges of the model. The 15-km grid model was sufficiently stable and did not require fixing the outer nodes. We stopped at the 15-km grid because calculating a denser grid was too time consuming for the computer resources available. This gradational approach allows us to capture successively smaller wavelengths of the velocity structure into the model. It also allows for some inaccuracy in the starting model because we invert first for a coarse model using the 40-km grid which in essence provides a refined starting model. The data variances for the SC1-40 and SC1-15 models are listed in Table 1. Because we expected extreme variations in velocity structure in the region, we used different inversion parameters than were used in other studies [e.g., Eberhart-Phillips and Michael, 1993]. Damping was used to stabilized the inversion. We kept the initial damping the same for the 40-km and 15-km grid models (150 for Vp and 15 for Vp/Vs). We did not invert for station delays as an additional model parameter to avoid trade-offs between the model parameters and because the station delays nearly all of the stations are located within the model region. The damping values of 150 and 15 were chosen by plotting data variance versus model length (defined here as the model standard deviation) and choosing a value that provided a reasonable trade-off between reduction in data variance and model length (see the appendix for further details about the damping). To further stabilize the inversion, we limited the maximum velocity perturbation to 0.5 km/s for each iteration in both the 40-km and 15-km grid models.
To test for some of the effects of parameterization, the horizontal grid layers were placed at different depths and the horizontal grid was rotated within the model area. All of these produced similar models to SC1-15, confirming that the final model SC1-15 is not dependent on the exact position of the initial grid. To evaluate the effects of uneven ray coverage, station 
Geological Setting
These velocity models extend across the diverse geological terranes of southern California. Among these terranes are major batholiths such as the Peninsular Ranges where Cretaceous plutons intrude sedimentary and volcanic rocks of Jurassic age and metamorphic rocks of mostly unknown age [Irwin, 1990] . The models include the southern part of the Sierra Nevada batholith, made of mostly Cretaceous granitic rocks [Irwin, 1990] . The largest terrane within the model is the Mojave Desert, a predominantly Precambrian metamorphic and plutonic rocks that is partially covered by Paleozoic continental shelf deposits, intruded by Mesozoic plutons, and in limited places underthrust by schist [Irwin, 1990] .
Other mountain ranges, such as the Transverse Ranges, Sierra Nevada, Tehachapi Mountains, and Coast Ranges, and a Mesozoic to Cenozoic accretionary prism [Irwin, 1990] , are in these models. The late Cenozoic east-west trending Transverse Ranges can be divided into western Transverse Ranges, San Gabriels, and San Bernardino Mountains. The San Gabriels are an allochthon of Precambrian gneisses intruded by Mesozoic granitic plutons [Ehlig, 1981] . Within the San Gabriels the Vincent thrust separates upper plate crystalline rocks from the lower Pelona schist [Ehlig, 1981 ] .
In addition, the models cover several [Christensen, 1996] .
The resolved parts of the model decrease significantly in extent within the 15-, 17-, and 22-km-deep layers (Plates 2e to 2g). Nonetheless, within the 15-km-deep layer, zones of moderately high Ve/Vs exist beneath the eastern Santa Barbara channel, the Ventura Basin, and parts of the southern Imperial Valley area. Although the resolved area is small in the 17-and 22-km depth slices, they show similar patterns as the layers above (Plate 2g). One possible explanation of high Ve/Vs and high V? at depth is the presence of mafic rocks such as gabbroic intrusions [Christensen, 1996] The overall differences between the models are not surprising. The differences at shallow depth suggest that it is difficult to constrain the shallow part of the crust using the earthquake data. 
Relocation of Shots
To test the applicability of using the 3-D velocity models to relocate hypocenters, we used the models to determine independently the hypocenters and origin times for 62 shots and compare these with true origin time and hypocenters (Figure 9 ). All of the shots have epicenters within 1 km of the true location except for two shots, whose epicenters are within 1.2 and 1.6 km distance, respectively.
The shot focal depths and origin times that were determined using the new models also show a general scatter within a limited range. The scatter in depth is small, with most of the hypocenters having depths within 2 km of the true depth. The tendency to increase the depth suggests that the near-surface Vp is slightly too high.
There are no obvious dependencies between changes in focal depth or origin time. The average 0.1 s bias in the origin times only explains about 0.3 to 0.5 km of the depth bias. The general scatter can be attributed to short-wavelength variations in the velocity structure that are not adequately modeled by a 15-km horizontal grid spacing. Overall, these results are a maximum estimate of our uncertainties associated with determining 
Seismicity Distribution
The hypocenters of more than 305,000 earthquakes that occurred from 1981 to 1998 were redetermined using the new velocity models (Figure 10) Instead, the seismicity is offset from the fault trace, suggesting the background seismicity is not occurring on the rupture surfaces that accommodate major or great earthquakes. In contrast, the seismicity is densely clustered along the trace of the San Jacinto fault, suggesting a definitive spatial relationship between small earthquakes and rupture surfaces of large or major earthquakes.
However, seismicity along the Elsinore fault is offset from the mapped trace like the San Andreas fault.
In the past the diffuse seismicity of southern California has been thought of as being an artifact because the strong velocity variations between the basin sediments and the rock outcrops in the nearby hills or mountains were not taken into account by the earthquake location algorithms. However, the Los Angeles area seismicity remains as diffuse as shown earlier by Hauksson [1990] ; thus the refined hypocenters that were determined using the 3-D velocity models from this study confirm a complex 3-D distribution. The strongest seismicity trends center on the 
Discussion
The new V? and V•/s models presented here show that the velocity structure of southern California is complex. We find that past tectonic processes, such as large lateral offsets along the strike-slip boundary faults, extensional tectonics, and compressional tectonics, account for some of this complexity. To provide further validation for our models, we also compare them to selected models of other parts of California.
Strike-Slip Tectonics
A series of east to northeast striking cross sections, centered on the San Andreas fault, (SAF) through the V? and Vp/V s models show complex velocity structure (Plates 3 and 4) . In general, this asymmetry consists of higher V? to the west of the SAF and more uniform and somewhat lower Vp to the east of the SAF. South of the Transverse Ranges, this transition occurs gradually from east to west, across the San Andreas, San Jacinto, and Elsinore faults.
The VV•/s is also more heterogeneous to the west of the SAF. Similarly, the depth of the seismicity, with deeper events to the west side of the SAF, also reflects this east-west asymmetry.
The cumulative geological offset along the San Andreas fault of >300 km [Irwin, 1990] is related to the data error ty d by [Menke, 1989] rY 2 = ( ryd)2diag(C), To test the dependence of the final model on the starting model, we used a 5% slower and a 5% faster starting model and determined models. These models did not have significantly higher final data variance than the SC 1-40 model.
A4. Spike Test
We used simple layered models with preassigned spikes at one or more grid points to test how well anomalies are reproduced and if artifacts occur such as leaking of anomalies into adjacent nodes. We calculated travel times through models of 40-km horizontal grid spacing that contain one or more spikes of 10% change in Ve or Vp/V s. In turn, we inverted these synthetic travel times to determine the initial velocity model. In all cases we recovered about 68% to 93% of the amplitude of the V? spikes when we used damping of 150, and these were located within the well-resolved parts of the model. The V?/V s models showed similar behavior with 31% to 65% recovery of the amplitudes with damping of 15. With damping of 1 the recovery of amplitudes was better than 93%, indicating that the amount of leakage between nodes is very small. The spike tests thus show that we can recreate the synthetic anomalies successfully.
